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Beam-Breakup Calculations for the DARHT Accelerator*

Paul Allison, Michael J. Bums, Los Alamos National Laboratory, and George J. Caporaso, Art. G. Cole,
Lawrence Livermore National Laboratory

Abstract

We have modeled an induction linac that will
accelerate a 4-MeV, 3-kA beam of electrons to 16- to 20-MeV
in 64 gaps. To suppress beam-breakup (BBU) instabilitics
induced by excitation of rf deflecting modes, the growth factor
I must be kept sufficientiy small (e.g. <3). On prototype
DARHT cavities, rf mecasurements have shown that the
normally degenerate TM modes are split in frequency by the
asymmetry that the two pulsed-power drive rods present o the
cavity. If half the cavities had vertical and half had horizontal
drive-rod orientations, the effective number of gaps would be
reduced by half if there were no coupling between the modes
by the solenoidal focusing and if the split modes had no
overlap. The LLNL code BREAKUP was used to study BBU
growth for drive rod alternation patterns of blocks of 1, 2, 4,
8, 16, 24, 32, or 64 (no altemation) for both constant and
alternating polarity solenoids. For altemating polaritics the
optimum alternation pattern is 2 or 4, whereas for constant
polarities BBU is approximately indcpendent of patiern.

1. INTRODUCTION
The theory of BBU for induction (1] linacs has been
developed for some lime. For an accelerating beam, the theory
(2] shows that if the beam kas stcady-state radial oscillations

of amplitude 8rg at the linac entrance, then after n successive
cavitics the umplitude growth g-&r[/&ro-cr. with
[y=lni{wZ/c)/cBol[2/(V(¥iAor+ D) (H

where (mZ/c)/Q-L(IBydz)2/2U is the transverse cavity
impedance, U is the stored cnergy in the cavily, n is the
number of accelerating cavities, i is the current, and By, is the
rms solenoidal ficld. The nowtion Ty is used to distinguish
this unalytic approximation from the value calculated by the

code. To reduce the centroid motion ("corkscrew™) resulting
from misnlignments and encrgy spread, the total phase advance

¢=/(Bd2/2Bp) should be minimized (2]. For a given I this 1
achieved il the solenoidal ficlds increase with beam encergy uy
Bo(Yo) /2. As o design criterion for DARHT (sce model
parameters in Table 1), we ke o growth fuctor g=20, or '=3

Table 1. DARHT Linac Modcl
Pamuncters
n, number of cells and solenvids 64
i, beam current JkA
By, first solenoid rms ficld 250 G
energy gain/ell 250 kV
length of cell 39.37 ¢m

¢, lab 4rmy cmittance at 20 MeV LS rem-mmd

as an upper limit, The maximum value of By, is limited by

*Work |urfumw(l under the auspices ol the U, 8§, Depantment of
Encrgy

beam stability considerations, a gencral criterion for which is
that the phasc advance per cell not be too large. We will use
the notation xg=1, 1.5, 2 10 denote ficld profiles that arc 1,
1.5, and 2 times larger than 250 G rms in the first cell. For
xB=2, in the first magnet ¢o=0.7 rad, a rcasonable upper limit
for centroid motion stability and minimum corkscrew.

Since the ferrites exposed to the interior of the
accelcrating cavity are very lossy (u=3-20i at 400 MHz) (3],
the cavities have low Q's. The Briggs model [4] of a pillbox
cavity with a resistive outer wall is uscful in understanding the
approximate parametric dependence of the cavity impedance.
The impedance at the nominally TM110 mode resonance is
wZ/e=(g/mb2)Zon. where Zgm377 Q, b is the inner beam pipe
radius, g is the accelerating gap, and 1 is a function of wall
impedance 25 and the outer cavily radius. We anticipate that
n~0.7-2, so wZ/c=(80-240)g/b2.

For accelerating stress Eq, nEgg is the total linac
voltage gain V. Then 1" a V/(Egb?B), independent of the
number of cells n. To minimize I, we choose the maximum
Eo consistent with sparking criteria. Cost and ferrite

availability have led to the choice bm7.5 cm, und so wZ/c=220
£2/m at Q=1 for gap g=1.5 cm from the Brigys model at xp=2,

with Q<3 required for 370 £/m to make <3,

The Briggs model provides guidance; the AMOS code
[S) modcls cavitics more gencrally using a wave impeuance
boundary condition at the fe-rite surface. Recent cavily
impedance measurements [6] with ferrites in position led 1o
code maodifications to treat the ferrites as having an cffective
volume magnctic-conductivity, Om=wp", with u" being the
imaginary part of the permeability.

Each cell is is connected to two power cables with
drive rords 180° apan. An imporwnt result of the measurenments
was that the rods split the normally degencrate TM () modes
in frequency by =20%, and the impedance curves for the two
plancs did not overlap subswntially (Fig. 1), Mode splitting
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Fig. 1 Vertical and horizontal impedances ol test cavity



led to the idea of a stagger tuning, for which tne azimuthal
orientation of the drive rods would be alternated in some
pauem between horizontal (H) and vertical (V) alignment,
reducing I by half in the absence ot mode overlap. For
corstant solcnoid polarity, beam rotation by the solcnoids
might be expected to average the impedances and make grow 2
results insensitive to cell orientation patterns. Since earh
solenoid rolates the beam by =409, coupling x- and y- moton,
it is tot clear that simple alieration of the oricntauon would
be the best strategy. The use of altermating polarities may be

advantagcous in minimizing corkscrew motion at high B,.

II. CALCULATIONS
The BREAKUP (7] code was modificd so that cach
cell could have independent modes for horizonial or for venical
motion. The notation "'y and "'+ will be used 1o denote the
growth factors calculated for constant and for alternating
polarity solenoids, respectively. The mode parametcss given in
Table 2 are based on mcasurements [6] on the first cell design.

Table 2 Cavity Parameters

Mode ((MHz) Q  oZk(¥m) [wZ/ilmax(§d/m)
la 357 5 673 =417

1b 430 6 1173 =677

2 890 3 354 .

2b 860 3.75 253

With stagger tuning, I” should be approximately proportional
1o the average vertical and horizontal impedance @Z/¢=
O(ZH+2Zv)/2c (Fig. 2). The maximum occurs near 430 MHz,
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Fig. 2 Average of vertical and horizontal impedance for modes
of table 2

the freguency chasen for the transverse motion of the input
beam fornost of the BBU calculitions. Patterns labeied 1, 2,
.64 have cell urive-rod orientation alternating every cell,
inblocks of (wo, ...or blocks of 64 (no alicraation), with the
hrsteell al ways having H orientation,

The beatn al injection was given  transverse
oscillations Srgsinmt in either or both planes, The solenoids in

the linae could be given random tilts 80 (3a valuex) with
rtndon oricntation. Ty e beam centroid was traced i tme
down the linae i x-y space o8 well as inox-x"and y-y' spaces,

Since the beam envelope radius R, calculated with the
envelope code ETRACEM (8], decreases by approximatcly a
factor of 2.5 down the linac, g would be about 0.4 in the
absence of growth.

The x-x' or y-y' phase space that is wraced out by the
beam at the cxit can be vsed to calculare an cmittance growth

factor ¢/e for determining permissible BBU growth. The
centroid motion at the linac exit is found 10 be approximatcly
given by x=dxfsinwt and x'=dxrkcoswt, and the beam phase-
cllipse boundary is given approximalely by x=Rsina and
x'=kRcosa, with 0Sas2n. Then e=kR2, with k=B/2Bp=
0.0045xg/cm. For a uniform distribution within the boundary,
he smearing of the final emittance by cenwroid moton leads o
a time-averaged rms growth factor 55/&:-2(8x[/R)2. For
de/e<10%, then Sxp=gxy<0.22R. For xg=2, R=7 mm,
requiring gxg< 1600 pum, or g<20 for x5=80 um.

When the mode asymmetry was eliminated by giving
modec 1b the parameters of mode 1a, then WZ/c=1173 {¥/m at
430 MHz. We calculated T+=129 and T'4+=11.2 10r xg=1,
about 0.63. Using the modes of Table 2 again, growth was
calculated for oricnation pauterns 1,2, 4,8, 24, 32, 64.
Pattcrn 24 was chosen because the phase advance in the first
24 cclls is approxmalcly the same as in the last 40. The input
beam was given a transverse amplitude of 25um ai 430 Miiz

in the H plane. As expected, 'y was fairly insensitive (o the

pattem (Fig. 3), ranging from 7.5 to 5.5, but I+ ranged from
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Fig. 3 I'(1X) vs mode pattern (or conswnt- (open) and for
altemating-polarity (shaded) solencids

13.8 10 7. Pattern 4 gave the smallest Ty but the highesy 17y
Pattern 2 was chosen for most of the rest of the studies
hecause it had low growth for both cases and because ol
mechanical assembly considerations. The constant polanity
solenoid twne had the lowest growth, Pattern 64 gave very
high I"¢. Since beam rotation for alternating polarities through
the linae changes by only about £20° for xpy=2, this is not
surprising. The values of Iy and 1"y were about 0.621°%,.
Changing the plane of the transverse oscillaton fiom
Hio Voreduced Ty (Fig, 4) by 2-25%, Since xg T should be
constant according o Eq.(1), the ratios OEX)/LSTLSX) and
FOXOR2TRX) were caleulaed for alternating polarities and ane
seen o be close to unity with a few exceptions (Fig. §). These



was no evident dependence of I', within +1%, on &€ in the

range 0- to 5-mrad in any of the calculations. We anticipate

that DARHT misalignments will not exceed these values and
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Fig.4 T'y(1X) vs mode patern for intial beam oscillation in
H- (open) and V- (shaded) plancs
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Fig. 5 Ratios I'(1X)/1.5T(1.5X) (open) and ['((1X)/2I1(2X)
(shaded) vs mode pattemn for aliemating polaritics

that with steering corrections applicd, the cifective 80 will be
much less. To test the parametric dependence of T on wZ/c, we
sct the input oscillation frequency at 357 MHz, for which
frequency wZ/c=417 £/m, 62% of the 430-MHz value. The

results (Table 3) follow the predicted scaling with B better at
430 MHz than wt 357 MH..

Table 3 T for the two dominant frequencics vs xpg

xB 430 xBl430 I'3s7 xglasy  (F357/Ta30)
1 77 1.1 7.8 7.8 1.01
15 S 7.5 4 6 0.8
2 31 62 2.2 4.4 1

The beam from the RE:X injector (9] has transverse
motion of 10 wm at 235 MHz and of 25 pum at 470 MHz at
approximately the linac injection point. BREAKUP
cualculations showed that for xp3 <1, damped oscillations with
amplitudes =1 ¢m are excited at cither 357 MHz or 430 Miz,
making it difficult 1o estimate the steady-stine gain, For xp=2,
the transient damps quickly. The gains are <05 and 1.7, or
"4=-0.7 and 0.4, as compared with T'y~0,15 and 3,

respectively. Thus there is essentially no gain at 235 MHz,
considering the beam compression factor.

If the beam has no initial transverse oscillation,
magnet and beam alignment errors will cause transicnt
cxcitation of BBU oscillations at 430 MHz. The maximum
pcak-peak amplitude at the linac exit during the "flat top™ part
of the beam pulse for random angular errcrs 80 from 1- to 5-
mrad in the absence of initial beam motion. A good
approximation 1o the results was drpmax(cm)=

(0.0721£0.015)806/xg, with the uncertainty being due 1o the
scatter inherent in swatistical misalignment ccrors. Applying
the emitlance growth criterion, 88 <4 mrad is required for
xp=2. This emittance criterion is probably oo strict, as the
transient damps with a time constant T(nsy=24/xB.

[11. CONCLUSIONS
The cell-orientation pattern 2 appears to be the best
choice for DARHT from BBU growth and mcchanical design
considerations for alternating polarities. The code-calculated

values of I' are approximately 60% of the analyiically-

calculated value 'y, and the parametric dependence is
approximately the same. Solenoid misalignment do not
contribute significantly to growth. For the DARHT dcsign
paramelers and the expected cell impedances, growth is less
than 20 at the 430-MHz resonance, and considcrably lower at
those frequencies for which the REX injector beam has
mcasurable transverse oscillation. Growth is lower for
constant- than for altemaling-polarity solenoids.
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